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Global	
  energy	
  balance	
  

The	
  triple	
  point	
  	
  
of	
  water	
  is	
  
essenPal!	
  

Ttp=273.16K=0.01°C	
  
ptp=611.73Pa	
  
	
  	
  	
  	
  	
  =6.1173mbar	
  

Atmosphere	
  is	
  radiaPvely	
  heated	
  at	
  surface	
  and	
  cooled	
  from	
  free	
  troposphere	
  
	
  

Forms	
  of	
  water	
  (oceans,	
  	
  clouds,	
  polar	
  ice	
  caps,	
  …)	
  dominate	
  energy	
  balance	
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Global	
  heat	
  engine	
  

Meridionally	
  differenPal	
  heaPng	
  	
  	
  drives	
  a	
  circulaPon	
  in	
  the	
  atmosphere	
  	
  	
  	
  	
  	
  
and	
  the	
  oceans	
  that	
  transport	
  heat	
  poleward	
  in	
  both	
  hemisphere.	
  	
  	
  

Earth	
  climate	
  	
  system	
  
converts	
  low	
  S	
  ↓SW	
  	
  
to	
  high	
  S	
  ↑	
  LW	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Polar	
  regions	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  are	
  global	
  sinks	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  of	
  energy	
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ArcAc	
  energy	
  budget	
  

152 Advances in Arctic Atmospheric Research

 Measured energy fl uxes at the surface in the Beaufort Sea for the SHEBA year 
are shown in Fig.  2.3 . In Fig.  2.3a ,  F  tot  is the total vertical heat fl ux and Q* is the sum 
of the longwave and shortwave contributions, separated out in Fig.  2.3 b as Qs and Ql. 
Albedo is   a  , Hs and Hlb are sensible and latent heat fl ux, and  C  is the conductivity 
fl ux from the ocean through the sea ice to the surface. At the SHEBA site, the total 
surface fl ux varied from −25 to +12 W m −2  in winter to +37 to +129 W m −2  in July 
(Persson et al.  2002  ) . Most variability is from changes in cloud cover. These mean 
observed fl ux magnitudes are considerably smaller than the Arctic-wide estimates 
by Serreze et al.  (  2007  )  in Fig.  2.2 , but the Arctic-wide estimates include additional 
sensible heat fl ux from open water areas in the Atlantic sector north of 70°N. As in 
the Arctic-wide estimates, radiative terms dominate the surface energy budget in 

  Fig. 2.2    Schematic of the Arctic energy budget for January and July (After Serreze et al.  2007  ) . 
Symbols are defi ned in the text. Units are in W m −2 . The width of the arrows is proportional to the 
size of the transports       
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ArcAc	
  amplificaAon	
  

Due	
  to	
  polar	
  convergence	
  
of	
  heat	
  transport	
  and	
  	
  
ice-­‐snow-­‐albedo	
  feedback	
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Chapter 4 Observations: Changes in Snow, Ice and Frozen Ground

4.1 Introduction

The main components of the cryosphere are snow, river and 
lake ice, sea ice, glaciers and ice caps, ice shelves, ice sheets, 
and frozen ground (Figure 4.1). In terms of the ice mass and its 
heat capacity, the cryosphere is the second largest component 
of the climate system (after the ocean). Its relevance for climate 
variability and change is based on physical properties, such as its 
high surface refl ectivity (albedo) and the latent heat associated 
with phase changes, which have a strong impact on the surface 
energy balance. The presence (absence) of snow or ice in polar 
regions is associated with an increased (decreased) meridional 
temperature difference, which affects winds and ocean currents. 
Because of the positive temperature-ice albedo feedback, some 
cryospheric components act to amplify both changes and 
variability. However, some, like glaciers and permafrost, act to 
average out short-term variability and so are sensitive indicators 
of climate change. Elements of the cryosphere are found at all 
latitudes, enabling a near-global assessment of cryosphere-
related climate changes.

Figure 4.1. Components of the cryosphere and their time scales.

The cryosphere on land stores about 75% of the world’s 
freshwater. The volumes of the Greenland and Antarctic Ice 
Sheets are equivalent to approximately 7 m and 57 m of sea 
level rise, respectively. Changes in the ice mass on land have 
contributed to recent changes in sea level. On a regional scale, 
many glaciers and ice caps play a crucial role in freshwater 
availability.

Presently, ice permanently covers 10% of the land surface, 
of which only a tiny fraction lies in ice caps and glaciers 
outside Antarctica and Greenland (Table 4.1). Ice also covers 
approximately 7% of the oceans in the annual mean. In 
midwinter, snow covers approximately 49% of the land surface 
in the Northern Hemisphere (NH). Frozen ground has the 
largest area of any component of the cryosphere. Changes in 
the components of the cryosphere occur at different time scales, 
depending on their dynamic and thermodynamic characteristics 
(Figure 4.1). All parts of the cryosphere contribute to short-term 
climate changes, with permafrost, ice shelves and ice sheets 
also contributing to longer-term changes including the ice
age cycles.

Components	
  of	
  cryosphere	
  and	
  their	
  Ame	
  scales	
  
All	
  elements	
  of	
  the	
  frozen	
  realm	
  except	
  ice	
  crystals	
  in	
  the	
  atmosphere	
  

Permafrost	
  =	
  perennially	
  frozen	
  ground	
  

≈35%	
  of	
  surface	
  	
  
(≈50%	
  of	
  land)	
  
experiences	
  	
  
temperature	
  
below	
  the	
  triple	
  
point	
  at	
  some	
  	
  
Pme	
  in	
  a	
  year	
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Sep	
  2012	
  

ArcPc	
  =	
  ocean	
  
surrounded	
  by	
  land	
  

AntarcPc	
  =	
  ice	
  sheet	
  
surrounded	
  by	
  ocean	
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●	
  Greenland	
  ice	
  sheet	
  

GRACE	
  –	
  mass	
  loss	
  	
  

Greenland	
  ice	
  sheet	
  has	
  lost	
  	
  
mass	
  over	
  the	
  last	
  two	
  decades	
  
and	
  loss	
  is	
  acceleraPng	
  	
  	
  

Greenland	
  loss	
  is	
  split	
  in	
  approximately	
  	
  
similar	
  amounts	
  between	
  surface	
  melt	
  and	
  
outlet	
  glacier	
  discharge,	
  and	
  both	
  parts	
  	
  	
  	
  
have	
  increased	
  
	
  

Area	
  of	
  summer	
  melt	
  has	
  increased	
  as	
  well	
  
over	
  the	
  last	
  two	
  decades	
  

GRACE	
  yearly	
  mass	
  loss	
  (GT):	
  
..	
  2004	
  ..	
  2006	
  ..	
  2008	
  ..	
  2010	
  ..	
  2012	
  
	
  	
  	
  	
  148	
  	
  	
  	
  	
  	
  	
  177	
  	
  	
  	
  	
  	
  282	
  	
  	
  	
  	
  	
  419	
  	
  	
  	
  	
  	
  	
  556	
  
	
  

⇒	
  trend	
  =	
  -­‐244	
  ±	
  20	
  GT/yr	
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Satellite,	
  airborne	
  and	
  field	
  data	
  indicate	
  that	
  
the	
  ice	
  loss	
  has	
  occurred	
  in	
  several	
  sectors	
  

IceSat-­‐1	
  	
  
elevaPon	
  	
  
change	
  	
  
2003-­‐09	
  

GRACE	
  	
  
2003-­‐10	
  

w.e.	
  mm/yr	
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●	
  AntarcAc	
  ice	
  sheet	
  

GRACE	
  –	
  mass	
  loss	
  	
  

AntarcPc	
  ice	
  sheet	
  has	
  lost	
  	
  
mass	
  over	
  the	
  last	
  two	
  decades,	
  
but	
  there	
  is	
  likle	
  difference	
  in	
  
total	
  snow	
  fall	
  and	
  no	
  long-­‐term	
  
trend	
  in	
  accumulaPon	
  over	
  the	
  
conPnent	
  	
  	
  
	
  	
  	
  ⇒	
  trend	
  =	
  -­‐95	
  ±	
  50	
  GT/yr	
  

Ice	
  mass	
  changes	
  are	
  concentrated	
  on	
  
outlet	
  glaciers	
  and	
  ice	
  streams	
  
	
  

Ice	
  shelves	
  round	
  the	
  AntarcPc	
  Peninsula	
  
conPnue	
  a	
  long-­‐term	
  trend	
  of	
  retreat	
  and	
  
parPal	
  collapse	
  that	
  began	
  decades	
  ago	
  
related	
  to	
  changing	
  atmospheric	
  temp.	
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ICESAT height changes compared to GRACE 

ICESat height changes (mm/yr)   GRACE equivalent water 
filtered to GRACE resolution   height changes (CSR deg. 60) 

w.e.	
  mm/yr	
  

GRACE	
  	
  
2003-­‐10	
  

SecPon	
  of	
  the	
  West	
  AntarcPc	
  ice	
  sheet	
  has	
  
reached	
  a	
  point	
  of	
  inevitable	
  collapse	
  that	
  
would	
  raise	
  sea	
  levels	
  more	
  than	
  a	
  meter	
  
over	
  the	
  next	
  few	
  centuries	
  
	
  

Ice	
  losses	
  are	
  mainly	
  from	
  the	
  northern	
  AntarcPc	
  Peninsula	
  and	
  the	
  
Amundsen	
  Sea	
  sector	
  of	
  West	
  AntarcPca	
  (acceleraPon	
  of	
  outlet	
  glaciers)	
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●	
  Topography	
  of	
  Greenland	
  and	
  AntarcAc	
  bedrock	
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●	
  ArcAc	
  sea	
  ice	
  	
  
	
  

NH	
  sea	
  ice	
  cover	
  has	
  experienced	
  a	
  substanPal	
  long-­‐term	
  decline	
  
superimposed	
  onto	
  the	
  strong	
  internal	
  variability	
  

Average	
  winter	
  sea	
  ice	
  
thickness	
  within	
  the	
  
ArcPc	
  basin	
  decreased	
  
since	
  1950s	
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underestimated by the 2007 Intergovernmental Panel on Cli-
mate Change Fourth Assessment Report (IPCC–AR4) climate
models;3 indeed, none of the models can quantitatively ex-
plain the trends experienced in the Arctic. But the ice-free
summers widely forecast in press reports as impending have
not yet occurred. As long as some of the FYI is thick enough
to survive the summer, and as long as the annual export of
ice out of the Arctic Basin continues to be no more than the
current annual average, a precipitous decline of the ice cover
is not likely.

Thus the questions remain as to what actually caused the
dramatic loss of ice and why the climate models have so 
underestimated its rate. Here we offer a perspective on the
quality of the observational record, the gaps in our present
understanding of the physical processes involved in main-
taining and altering the sea ice.

Sea-ice dynamics
The dynamics of the ice cover is attributable to the wind and,
to a lesser degree, the ocean currents. Due to the counterbal-
ancing action of the atmospheric pressure gradients and the
Coriolis effect, sea ice drifts roughly parallel to the friction-
less wind above the surface, at about 1% of its speed. During
winter, when the ice concentration—the fraction of the sur-
face covered by ice—is near 100% and the mechanical
strength of the ice is high, the surface stresses are propagated
over distances comparable to the length scale of atmospheric
weather systems. Fracture of the ice cover due to the gradi-
ents of the external stress results in the formation of ubiqui-
tous welts of compressed ice blocks, known as pressure
ridges, and openings in the ice caused by either diverging
stresses or shear along jagged boundaries.

The approximate circulation pattern of sea ice has been
known for more than a century, but it took the development
of suitable satellite technology; automatic, drifting data
buoys; and sophisticated methods of data transmission to de-

velop a more detailed picture. Twenty institutions from nine
different countries currently support the International Arctic
Buoy Programme. Satellites have provided observations of
ice motion on many different length scales. Generally, the cir-
culation of sea ice is highly variable on weekly to monthly
time scales but is dominated, on average, by a clockwise mo-
tion pattern in the western Arctic and by a persistent south-
ward flow—the Transpolar Drift Stream—that exports ap-
proximately 10% of the area of the Arctic Basin through the
Fram Strait every year. Figure 4a shows the average drift pat-
tern and velocity of Arctic sea ice. An animation of the com-
bined expression of the dynamic and thermodynamic
processes—the drift of the ice and its seasonal expansion and
regression during the years 1979–2009—is available at
http://iabp.apl.washington.edu/data_movie.html. 

From a mass-balance perspective, the Arctic Ocean loses
ice volume by melt and by export—hence the interest in
southward transport of ice through the Fram Strait. The an-
nual record of areal ice loss by export, based on satellite data
of ice motion, can be seen in figure 4b.4 Several authors have
studied its anomalies and trends; remarkably, the data show
no decadal trend. Much less can be said about a possible
decadal trend in volume export—a more definitive measure
of mass balance—due to the lack of an extended record of the
thickness of ice floes that are exported through the Fram
Strait. Although a recent study quite clearly shows that MYI
loss in the Arctic Basin has occurred by melting during the
past decade,5 the relative contributions of melt and export to
the loss remain uncertain. 

Because of the system’s complexity, projections of sea-ice
decline using global climate simulations are also problematic.
Present-day sea-ice models include variations in the ice-
thickness distributions that capture the interactions between
dynamics and thermodynamics.6 As ice thickens, it both be-
comes mechanically stronger and conducts less heat. The
models compute ice velocities from the balance of forces act-
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Figure 4. Sea-ice circulation. (a) The two prominent features in the circulation of sea ice in the Arctic Ocean are the clockwise
drift in the western Arctic’s Beaufort Gyre, which shoves sea ice against Greenland and the Canadian archipelago, and the Trans-
polar Drift Stream, which transports sea ice from the Siberian sector of the Arctic Basin out through the Fram Strait into the
Greenland Sea. Ice drift is, on average, parallel to the atmospheric-pressure isobars (black lines). (b) The record of how much ice
(blue) was annually transported through the Fram Strait between 1979 and 2008 correlates well with the atmospheric pressure
gradient across the strait (red) at sea level. Every year about 10% of the Arctic Basin’s area is exported into the Greenland Sea.
(Adapted from ref. 4.)
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Sea	
  ice	
  speed	
  (extent	
  and	
  age)	
  
has	
  increased	
  (have	
  decreased)	
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End-­‐of-­‐summer	
  	
  
sea	
  ice	
  extent	
  	
  
is	
  declining	
  at	
  a	
  
faster	
  rate	
  than	
  
expected	
  from	
  
climate	
  model	
  
simulaPons	
  

CMIP3	
  (AR4)	
  

CMIP5	
  (AR5)	
  

RepresentaPve	
  
concentraPon	
  
pathways	
  (AR5)	
  

IPCC	
  projecPons	
  show	
  that	
  
NH	
  sea	
  ice	
  cover	
  should	
  be	
  
almost	
  gone	
  in	
  summer	
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●	
  AntarcAc	
  sea	
  ice	
  
	
  

Annual	
  SH	
  sea	
  ice	
  	
  
extent	
  has	
  increased	
  	
  
at	
  a	
  rate	
  of	
  between	
  	
  
1.2	
  and	
  1.8%	
  /decade	
  	
  

Sep	
  2014	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  the	
  highest	
  sie	
  maximum	
  

Jun	
  

Mar	
  

Sep	
  

Dec	
  
This	
  reflects	
  influence	
  of	
  
SAM,	
  ozone	
  hole,	
  ↑GHG	
  
and	
  ice	
  shelf	
  melPng	
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●	
  Snow	
  cover	
  
NH	
  snow	
  cover	
  extent	
  has	
  
decreased	
  especially	
  in	
  spring	
  
	
  

NH	
  satellite	
  data	
  since	
  1967	
  	
  
show	
  the	
  largest	
  change	
  in	
  Jun	
  	
  
(accelerated	
  since	
  2003),	
  while	
  
Mar	
  and	
  Apr	
  staPon	
  data	
  since	
  	
  
1922	
  show	
  similar	
  behavior,	
  	
  
	
  

SH	
  data	
  is	
  too	
  limited	
  
	
  

(1971-­‐2000)	
  

Mar-­‐Apr	
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Most	
  elements	
  of	
  cryosphere	
  has	
  experienced	
  decline,	
  including	
  permafrost,	
  	
  
over	
  the	
  observaAonal	
  era	
  and	
  many	
  are	
  projected	
  to	
  do	
  so	
  in	
  the	
  future	
  

Thank	
  you	
  for	
  your	
  akenPon	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  QuesPons?	
  


